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COMPRESSIBILITY AND HEATING EFFECTS ON PRESSURE LOSS AND COOLING OF A
BAFFLED CYLINDER BARREL

By ArtEUR W. GoLDSTEIN and HErmAN H. ELLERBROCK, JT.

SUMMARY

Theoretical investigations have shown that, because air 1is
compressible, the pressure-drop requirements for cooling an
air-cooled engine will be much greater at high altitudes and
high speeds than at sea level and low speeds. Tests were
conducted by the NACA to obiain some experimental con-
firmation of the effect of air compressibility on cooling and
pressure loss of a baflled cylinder barrel and to evaluate various
methods of analysis. The results reported in the present
paper are regarded as preliminary to tests on single-cylinder
and multicylinder engines. Tests were conducted over @ wide
range of air flows and density altitudes.

The results indicate that, for a given air weight flow, the
reduced pressure drop based on average cooling-air density
ADpas/ps, Which has been used to correlate heat-transfer cool-
ing dala, 8 not constant for different air densities (Ap, cooling-
air pressure drop across the engine; pu/ps, ratio of average
cooling-air density to density at sea level). Engine-cooling
variables should therefore not be plotted against pressure drop.
Irrom the present tests a correlating variable for heat-transfer
data is shown to be the air weight flow; the reduced pressure
drop is not suitable for this purpose. An analysis based on
the assumption of uniform flow is shown to be satisfactory for
estimating the effect of compressibility on data obtained in these
lests. A simpler empirical method in which compressibility
and heating effects can be estimated was found for correlating
the test data on pressure loss.

INTRODUCTION
Some investigators have heretofore correlated cooling data

for air-cooled engines with the cooling-air pressure drop-

(references 1 to 4). The effect of compressibility was taken
into account by using the product of the pressure drop and
the average of the air densities at the front and the rear of
the cylinder as the correlating variable rather than the pres-

sure drop alone. With the high rate of heat exchange and
the high air velocity between the fins required for effective
cooling at high altitudes, however, a large air-density change
will result. This change in air density is attended by an
increase in velocity, and an additional pressure loss will be
incurred at the baffle exit where this momentum will be
lost. Estimates of the increase in pressure loss caused by
air compressibility in engine-cooling systems with baffled
cylinders were made in references 5 to 9. The analyses of
references 5 and 9 were based on the assumptions of one-
dimensional gas dynamics, but no experimental data were
available to support these analyses.

An investigation was begun by the NACA to obtain
experimental confirmation of the effect of compressibility
and rate of heat transfer on pressure loss and cooling of a
baffled section of & cylinder barrel and to evaluate the
various methods of correlating these data. The tests
covered a range of simulated density altitudes from 4000
to 33,000 feet, of velocities between the fins from a Mach
number of 0.05 to near sonic values, and of heat inputs
from 0 to 500 Btu per hour per square inch of cylinder-
wall surface. This investigation was conducted at Langley
Memorial Aeronautical Labovatory, Langley Field, Va.,
during 1942,

Acknowledgment is made to Mr. Frank E. Marble of the
Supercharger and Airflow Research Division, Aircraft En-
gine Research Laboratory of the NACA for his suggestion
that the Prandtl-Glauert compressibility factor be used to
correlate the results of the present tests.

ANALYSIS
ONE-DIMENSIONAL GAS DYNAMICS
The analysis of the flow around a baffled cylinder is based

on the assumptions of one-dimensional gas dynamics. The
equations for the pressure and density changes through a
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baffled-cylinder system (fig. 1) are developed by the follow-
ing analysis, which is similar to that of reference 5.

1. The heat transfer between stations 1 and 2 and between
stations 2 and 4 is estimated.

2. No loss in total pressure is assumed from station 1 to
station 2.

3. The pressure and the density at station 2 are then cal-
culated from the heat-transfer estimate, the stagnation
pressure, and the mass flow.

Sration [ —/

Sration 2 \

——Sration 3
l g —Sration 3!
= =
Static-pressure fap s Sration 4
Jotal-pressure__|a nq
roke 6*

FiaurE L.—Finned cylinder, baffles, taflplece, and measuring-station locations used In tests.

4. The analysis of the flow between stations 2 and 3 is
based on the assumption of uniform flow of a compressible
fluid with friction in & straight duct.

5. The loss at the baffle exit is computed from the mo-
mentum equations for uniform flow at stations 3 and 4.

Change in gas state between station 1 and station 2.—If
the heat picked up by the air between station 1 and station
2 and the weight of air flowing through the baflle are known,

H1=ch(T2.z’—T1.z) 1
where

H, rate of heat transfer to air between stations 1 and 2,
Btu per second (The method of obtaining H, is
given in appendix A.)
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W  weight of air flowing through baffle, pounds per

second
Cp specific heat of air at constant pressure, Btu per
pound per ° F

T:,, stagnation temperature at station 2, ° F absolute
T,,, stagnation temperature at station 1, ° F absolute

A complete list of the symbols used is presented in appendix
B.

Stagnation or total temperature and pressure as used in
this report indicate gas properties that would obtain if tho
kinetic energy of the moving gas were isentropically con-
verted into enthalpy. The temperature I}, may be con-
sidered equal to the static temperature at station 1 because
the velocity at station 1 is negligible. If Ty,, W, and H,
are known, the total femperature at station 2 may be
obtained from equation (1).

The assumption is made that there is no loss in total
pressure from station 1 to station 2 and that the stagnation
state of the air at station 2 is known. Then, from the
relations

w
}J—A_a=p’V’ (2)
and
]Maz_;mvz2 (3)

YPs

and by means of the relations for isentropic change, the true-
stream density and pressure may be eliminated and the
stagnation density and pressure inserted to give

(paVa)? _ v M7
P2.: 03,1

F 4)
_ —1

(1 +I- 1M,*>’

where

g acceleration of gravity, feet per second?®
A; cross-sectional area of free-flow space at station 2,

square feet

;s density of air at station 2, slugs per cubic foot (based -
on p; and T%)

V, velocity of air in fin passage at station 2, feet per
second

M, Mach number at station 2

v  ratio of specific heats for air (1.3947)

p;  static pressure of air at station 2, pounds per square
foot

Ps,: stagnation air pressure at station 2, pounds per square
foot

ps,: stagnation air density at station 2 (computed from
s, and T3, ), slugs per cubic foot

T, true air-stream temperature of cooling air at station 2,
°F absolute
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F1GURE 2.—Relation betweanstagunﬂonstaﬂt:andmﬁcstate of air as determined by mass
w.

When (paV3)*/ps,:ps.: is known, M, can be determined from
equation (4); the ratios py/ps, . and p./ps,  can be determined
from the isentropic-change relations. A chart based on
equation (4) and the isentropic relations is given in figure 2.
Change in gas state between station 2 and station 8.—The
_pressure drop through the baffle from station 2 to station 3
is given by the following equation, which has been modified
from the corresponding equation in reference 5 by inserting
the value of Cp ,in terms of Cp .z

22—273 OD “YD,J.1 (1 +pﬂ>+2 (p?_ 1) (5)
2
where .
A dynamic pressure at station 2, (§ P2V22>, pounds per
square foot
Opy friction-drag coefficient between stations 2 and 3
based on ¢ (O’D, ,EZIZL>
Opy,¢ friction-drag coefficient between station 2 and sta-

tion 3 based on average of ¢, and ¢s

[OD 115 (Dy/45) (g_{——l-@;)]
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D, friction drag from station 2 to station 3, pounds
s dynamic pressure at station 3, (% p3V;’>, pounds per
square foot
D3 static pressure at station 3, pounds per square foot
Ps density of air at station 3, slugs per cubic foot
Vs velocity of air af station 3, feet per second

If the value for the local friction-drag coefficient Cp ;¢ is
agsumed constant for all elements of the path, D, would
actually be obtained by a process of integration. The value
of Op . should therefore be caleulated from D, by means
of some integrated mean value for %pV,. The value calcu-
Iated from the arithmetical average of ¢; and ¢s, however, is
used as an approximation. If this approximation is good,
Cp. ;.1 thus calculated should be independent of inlet-density
variations for fixed values of Reynolds number and equal to
the value that would be obtained with an incompressible
fluid. By means of the continuity equation, the relationship
between Cp,; and Cp s+ can be established as

C'D Ob,s1t :(1 +pg) )

The density ratio required for the solution of equation (5)
can be calculated from the following equetion, which is
modified from the corresponding equation in reference 5 by
inserting the value for Cp, , in terms of Cp, ,,, to give

()
B[] o

H; rate of heat transfer to air between stations 2 and 3,
Btu per second (The method of determining K,
is given in appendix A.)

y— 1

Pa__
E—l +_7l‘1‘+

where

A convenient method of determining p,/p; uses the variables
H,

=ps/p3 (9)

Mpi=——: =l — (10)
v [ L2t )+ =) 5 a—e)

Mp= 1}4_ ; (11)

When use is made of these definitions, equation (7) becomes
MZE=M+T"M; (12)

Because M,* and M,? are functions only of p’ and Oy, , 4, for
each value of Oy, ; the variable A,? may be plotted against
M,? and p’ may be plotted against 4,? by use of the defini-



188 REPORT NO. 783—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

tions for M2 and M,?. These plots are shown in figure 3. The | where

value M2 must, however, be the ordinate satisfying the linear | 4
equation (12) with M,? as the y intercept, ,’ as the abscissa,
and 7" as the slope. The intersection of this line with the
curve of M,? against AM,? for the given Cp ;. determines
M.2. From the curve of M,? against p’ for the given Cp ¢ the
value of p’ can be obtained. Ay
Change in gas state between station 3 and station 4.—The
momentum equation characterizing the pressure loss between | p
station 3 and station 4 is derived for the baffle with a tail- | gg
piece. This loss as given in references 5 and 9 was for a
baffle without & tailpiece, where station 4 was in a section of
very large area with very low velocity. For the present D
case the momentum equation is 8

pody sin 64— pidit S PiS—Di=s (Vi—Vasin6) (13) |

angle between radii of cylinder to cylinder rear and to
station 3, degrees (See fig. 1.)

static pressure at station 4, pounds per square foot

cross-sectional area at station 3, square feet

cross-sectional area of baffle exit at station 4, square
feet

static pressure, pounds per square foot

projection of any element of cylinder-wall surface and
of curved part of baffle surface back of station 3 on
plane of A,, square feet

component of drag force normal to plane of 4, and ef-
fective between stations 3 and 4, pounds

velocity of air at station 4, feet per second

Feids
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F1GURE 8.—Determination of ratio of density at station 3 to density at station 3. Parameters refer to values of Co, st
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The integral of pdS; is taken over the entire surface bounding
the fluid between stations 3 and 4 except at flow cross sections
of stations 3 and 4.

It can be shown that

S dS,=4,—4; sin 6, (14)

The pressure gradients will be proportional to the kinetic
energy at station 3. 'Therefors, if

@ —Pa) dSs
%= ) 1 nvad, (15)
if the coefficient for friction drag in the baffle exit is
D.
O=—>=8
é‘ P Va4, (16)

and if these symbols and the continuity equation are used,
the momentum equation may be expressed as

Ds=Ps_ o, ods A5\ £y
UK =G—a 2444811103—'-2(14-4) Ps (17)

In this equation the term 2(4;/A4,) sin 6; indicates that the
momentum loss caused by the fact that the stream at the
rear of the cylinder is not directed straight back cannot be
neglected. This direction of the stream, however, tends to
increase the value of a; and the pressure recovery. The
recovery coefficient a;, therefore, in some measure compen-

sates for the fact that 6,5<90°. When% is small, all the

terms become small and consequently p; is approximately
equal to p,.

TFor the present report the losses across the cylnder will be
represented by equations (5) and (17). In the actual prac-
tice of predicting the pressure losses, once the coefficients
of equation (17) are evaluated, the density change may be
ovaluated from equation (17) and the energy equation.

APPLICATION OF PRANDTL-GLAUERT COMPRESSIBILITY FACTOR TO
FLOW ACROSS A BAFFLED CYLINDER

The foregoing theory for flow of a compressible fluid is
applicable only to the case of uniform velocity or one-dimen-
sional flow. For two-dimensional flow, the Prandtl-Glauert
factor 4/1—M,y?is used to compute the effect of compressi-
bility. The Prandtl-Glauert factor is strictly applicable in
flow conditions quite different from those existing around
the baffled cylinder now being considered; therefore, this
name should not be used for this application of the factor

843110—50——13
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but will be used for convenience. The proper application
of this factor is to static-pressure variations in the flow field
of a body causing small perturbation velocities in an infinite
uniform flow field with a frictionless, compressible fluid and
with no heat transfer. In that case the difference in static
pressure at any point in the flow field from what the static
pressure would be with an incompressible fluid can be com-
puted by the Prandtl-Glauert factor 4/1—A4; in the equa-
tion (reference 10)

P—Po_Pi—Po___1
Qo Qo 1/1—]\402

Op.ug

(18)
or
(19)

where

Do pressure of fluid that is characteristic of flow, pounds
per square foot

@ dynamic pressure of fluid that is characteristic of flow

1
(§PoV02>, pounds per square foot

M, Mach number that is characteristic of flow
p, static pressure at same point as p with incompressible
fluid, pounds per square foot

" po density of fluid that is characteristic of flow, slugs per

cubic foot

Vo velocity of fluid that is characteristic of flow, feet per
second

C,.ar pressure-loss coefficient with compressible flow

C,.. pressure-loss coefficient with incompressible flow

The factor /1—AM® was used to reduce the total-pressure-
loss data to values that might be expected without compres-
sibility effects. The application of the factor to the present
data is to be regarded solely as an empirical method of cor-
relation. No rational basis for the use of this factor is
presented herein.,

The pressure drop used in place of p—p, in equation (18)
for the baffled cylinder is p,.;—4... The method of calculat-
ing ¢, and M, was empirically determined by finding the
pressure and the temperature that would give the best
correlation of the data with different densities and various
rates of heat transfer. The factor C,,; was then computed.

C’,,,,=P—————"';p it T Mg (20)

The total-pressure loss to be expected with an incompressi-
ble fluid Ap, is then

Ap=0C;.10=0, (1)

.1 2p0
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For the same mass flow (pV) but with standard density
ps, Cp,¢ Will remain constant because it depends on only the
Reynolds number. Then

AP 1, =APipofps (22)
where

loss in total presure under standard density condi-
tions, pounds per square foot
Ps standard density (at 29.92 in. Hg and 60° F), slugs
per cubic foot
From equations (20), (21), and (22)

» Apis

AP(, ,=Apg %: 1— 02 (23)

where
AP =D1,—Dut

THE EFFECT OF COMPRESSIBILITY ON HEAT TRANSFER

The effect of compressibility on the heat-transfer coeffi-
cients is estimated by the effect calculated for a flat plate
by an equation given in reference 11. If the temperature
of the plate is assumed to be 300° F (an average fin and
cylinder temperature to be expected with a rear spark-plug
temperature of 450° F), the Reynolds number is assumed to
be 3000, and the free-stream air temperature is assumed to
be —67° F (the temperature at high altitudes where com-
pressibility effects in air-cooled engines may become critical),
the effect of the free-stream Mach number M on the local
heat-transfer coefficient k. is given by

hoezh, (140.056047)

where A.,; is the local heat-transfer coefficient that would
exist with an incompressible fluid. The effect will be slightly
less than shown in the foregoing equation for two reasons:
(1) the value h.,; is proportional to the local skin-friction
coefficient, which in reference 12 is shown to decrease slightly
with increase of Mach number; (2) the highest possible value
of AM?=1 will not exist over the entire cylinder. In practical
cases M2 will not be unity at any point around the cylinder.
Consequently, the effect of compressibility on heat-transfer
coefficients for the cylinder can be expected to be negligible.

APPARATUS AND TESTS
TEST SETUP

The copper-plated steel barrel section used in the tests
was 1% inches long with a 5%-inch bore. The fins on the
cylinder were 0.50 inch wide, 0.036 inch thick, and spaced
0.105 inch. Inside the cylinder was a grate to aid the
pickup of heat and to reduce the temperature variation
around the inside of the cylinder. A metal baffle with a
6-inch tailpiece was fitted around the cylinder (fig. 1).
The tailpiece allowed the cross flow at the back of the
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cylinder to diminish sufficiently to permit more reliable
pressure reading. The cross-sectional area of the exit of
the baffle was 1.6 times the free-flow area between the fins.
The unit was placed in an asbestos-lined metal box (fig. 4)
and sealed at all edges with furnace cement to prevent aiv
leakage. )

The source of heat was an oil burner with a capacity of
1 or 2 gallons of oil per hour, depending on the burner nozzle
used. A firebrick furnace provided the space for the com-
bustion to be completed before the hot gases came into
contact with the cylinder grate. An auxiliary blower was
needed with a large nozzle to supply the necessary air for
combustion.

The flow of cooling air was created by two compressors
used as vacuum pumps and operated in series, Tach pump

Thermocouple board
Pressure fubes
Barfie tallplece
Station 3'
Metal borrffe
-Station 2
Pressure fubes

Sheet-asbeatos
fining

.\uf\

F1GURE 4.—Test unit showing test cylinder, bafles, tailpiece, insulated motal box, prossuro
tubes, and thermocouples.

was driven by an 85-horsepower engine. In order to pre-
vent surging and to smooth out the flow of cooling air, largo
tanks were placed upstream and downstream of tho test
cylinder. Bleed valves were placed in front of and between
the pumps to provide fine control of the air flow. A tanlk
with thin-plate orifices in each end was placed upstream of
the test cylinder to measure the quantity of cooling air. A
throttle placed between the orifice tank and the upstream
surge tank was used to control the pressure of the cooling
air in front of the test cylinder. A diagram of the apparatus
is shown in figure 5.
INSTRUMENTATION

Surface temperatures of the cylinder were obtained at 24
points (fig. 6) by means of insulated 28-gage chromel-alumel
thermocouples spot-welded to the steel. The cold junctions
of the thermocouples were inserted in a sealed wooden box.
The temperature in the box was obtained with an alcohol-in-
glass thermometer; the thermocouple potential was measured
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with & potentiometer. Thermocouples were also used to
measure the orifice temperatures and the cooling-air inlet
and outlet temperatures. The cooling-air outlet tempera-
ture was measured downstream of the baffle tailpiece in an
oxpanded section; it was therefore unnecessary to correct
the readings for air velocity. The outlet duct was lagged
to prevent heat loss. The accuracy of the temperature
measurements was within 4-1° F.

Total and static pressures were obtained in the tailpiece
and at two stations on the cylinder; a total pressure was

obtained immediately in front of the cylinder (fig. 6). The
> Orifice tank -
Cooling-air Cooling-air
nfoke Infake
Throttis valve
Surge
fark

il

Heag"/’nz-qas
Combustion- air o = s;rngon E—i&:‘g‘_g:“: €=
infake
Fuel line  [furnoce .
=3z Combusition- air
R N
\C‘oo/ing-alr
Auxillary blowsr  Oil burner Quct

Bleed valves

Pump]

Cooling-air exfiaus 7‘\] !

F1GURE 5§.—Dlagram of test setup.

total-pressure tubes of 0.030-inch-diameter steel tubing with
a 0,006-inch-diameter hole in the side of each tube were
inserted vertically around the cylinder. The static pressures
around the cylinder were measured by means of vertical
tubes inserted through holes tapped into the fins (fig. 7).
Station 2 was at the baffle constriction and station 3’ was
somewhat behind the baffle-expansion point. Because of
the location of the tube, the static-pressure readings for
station 3’ were not used in the calculations. Also, in view
of the small distance between 3’ and 3, the reading ps,, was
used for 7s;,;. Conventional-type pressure tubes were not
used between the fins because it was thought they would
block too much of the channel. A rake of conventional
total-pressure tubes was used in surveying the total pressure
in the tailpiece, and a wall tap was used to measure the
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static pressure (fig. 1). The pressures were read on vertical
water or mercury manometers, depending on the range of
pressures being measured.

The very small pressure drops across the thin-plate
orifices were moasured with a micromanometer.

Boftfle inle

o Tofal-pressure fube
o Static-pressure fube

F1aURE 8.—Location of therinocouplez and pressure tubes on test eylinder.
J:—— Static-pressure fube

Total-pressure fube —

vz

7777777,
Total-pressure fop —1° Test
U272 7777, cylinder
Static-pressure 1qp
7777777777 %

F1GURE 7.—Sketch showing method of installing pressure tubes betweon fins,
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TESTS

Tests were conducted over a range of air flows at several
NACA standard density altitudes from 4000 to 33,000 feet
simulated at the front of the cylinder. At each altitude,
data were obtained with and without heat transfer for Mach
numbers ranging from low values to the highest values
obtainable with the apparatus. The highest Mach numbers
occurred at the baffle exit, but no accurate data were ob-
tained at that station. In the following table are given the
ranges of Mach numbers at the baffle entrance M, and at
the baffie exit M,; the 1, values were computed on the as-
sumption of no friction up to that point and are therefore
lower than the maximum Mach number of the flow system.

Density
Cylinder condition alt(i(tgde M Mo
g | gpes | muon
Without heat transfer. . _ooooo o .. 3000 J7to 68 17t0 B8
33, 000 A18to 60 18to .60
S| wBL| wEg
With heat transfer. 24, 000 21to 69 2to 74
32,000 29to .56 3lto .59

Pressures and temperatures were recorded only after the
test cylinder had practically reached a state of thermal
equilibrium. The maximum allowable rate of change of
temperature was about 3° F in 5 minutes for the maximum
temperature before readings were taken. The cooling-air
outlet temperature was read before and after reading the
cylinder temperatures and an average of the two air tem-
peratures was used. The two readings in no case differed
by more than 2 percent of the temperature rise. Tempera-
tures were read to within 0.4° F and pressures to within
0.01 inch of mercury or water. The accuracy of the pressure
readings was limited by the unsteadiness of the engines,
which caused pressure fluctuations of as much as 0.1 inch
of mercury.

Summaries of the reduced test data and the derived
quantities without and with heat transfer are given in tables
I and II, respectively. Cylinder temperature-distribution
data are available upon request to the NACA.

COMPUTATIONS
From the tests the following quantities were determined:

W H1+H2: pl 3] Tl :l D2 P26 Pae, DPis Pass T-b Tfan Tb’ a,
3: A?: AS) Ah b an ST

where

A,  area of cylinder wall at base of fins, square feet
Ty  average wall temperature, °F absolute (arithmetic
average of measured temperatures of cylinder at
base of fins)
average temperature of cooling surface (fin and
barrel surfaces), °F absolute
Sy total heat-transfer surface of cylinder, square feet
From these data, the fictitious exit density p.. and the
coefficients &, U, Cp.r.+, Cs,s, and as— C; were determined as
follows:
Compuzation of h.--The average surface heat-transfer
coefficient A was calculated from the equation

H\+H,
ST(TI ar— Tl l)

The average temperature T 7,00 Of the fin and barrel surface
was obtained from the measured surface temperatures by
averaging the temperatures with weighting factors propor-
tional to the area elements in which each thermocouple
was located.

Computation of U.—The average wall heat-transfer coef-
ficient U was calculated from the following equation

H,+H,

Ay(To—T1,0)

Tf.al

U= (24)

Computation of fictitious exit density p,..—The stagnation
pressure at station 3, the mass flow, the exit stagnation
temperature, and the cross section at station 3 were used to
compute the static pressure at station 3 by means of figure 2.
This pressure and the temperature T, are used to compute
the density p,; by means of the general gas law.

Computation of Cp ;—By the method giveninappendix A,
Zﬁi%%‘—i may be computed from the cooling-surface tem-
perature distribution and the over-all rate of heat transfer.
On the assumption that p;,=pi., . and (PV)*/pa pa.c
were calculated and, from figure 2, p;, 15, and ¢, were
found. From p;,, and T3,=T,,, the values of ps, ¢s, and
ps were calculated with the aid of figure 2. A value for
Cbp.r,: was then computed from equation (5).

Computation of exit coefficients.—The exit coefficionts C;
and gz could not be separately determined and the value of
a;—C; was consequently calculated from ¢, 25, and pg
(obtained in the calculation of Cp,,) and equation (17).
From p,, and T, figure 2 was used to find the needed
values for p, and p;,.
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Computation of Op ,; by estimation of ay— C3.—The value
of Cp,s,+ was also calculated by the method of reference 5;
that is, by estimating the exit-loss coefficient and assuming
ps=p, Instead of using the measured value of p;,. Equsa-
tion (17) was then used to calculate p,. Also from previous
computations p,, p2, ¢, I, and M?, were known. The
chart (fig. 3) was recalculated for constant values of
(p2—ps)/q; instead of for constant values of Cp., ;. The
new chart was used to find the value of p’ from (p:—2s)/¢s,
Mp2, T’; equation (5) was then used to compute Cp,y,+.

Computation of Reynolds number.—Reynolds numbers B
were obtained from the formula

_pVd
u

B

where

d hydraulic diameter of fin passage, feet

u  absolute viscosity of air based on average of average
cooling-surface temperature and average cooling-air
temperature, slugs per second per foot

Computation of O, .—The pressure-loss coefficients C,
were calculated from the data by means of equation (20),
which was used in the equivalent form

_(1—)244/1’1.0.&& A=
Op’i—l @V)? 1 Po.c po.c 1—-My
2 0,2 Po,:,

From the data it was found that gy, should be calculated from
oy, and T, and that p,, should equal ,,; for the best cor-
relation. In the foregoing equation py, is the stagnation

2
density. The factor p?x?o, wag then calculated and, from
,¢ F0,

the value of this factor, ;’?'\)1—2.1202 was determined from
N
figure 2.

RESULTS AND DISCUSSION
EVALUATION OF COEFFICIENTS

Correlation of heat-transfer coefficients h and U.—The
effect of altitude on the heat-transier coefficients b andU is
shown in figures 8 and 9. The curve for &, the surface heat-
transfer coefficient, plotted against weight flow of air at the
baflle entrance shows no effect due to altitude inasmuch as
the curves for4000 and 14,000 feet bracket the spread of the
data. The curve for U, the wall heat-transfer coefficient,
shows the same characteristics as the curve for 2. These
figures show that the Mach number bad no effect on the heat
transfer for the range covered. An effect of heat load was
noted in the data hut is not shown in figures 8 or 9. The
heat-transfer coefficients A and U increase slightly with
heat-transfer load.
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Correlation of pressure-loss function (App..)/%(oV)*.—The
pressure-loss function (App,.)/%(pV)? is & dimensionless form
of the conventional pressure-loss function Appg/o,. The
density p,, is the average of densities upstream and down-
stream of the cylinder, and p, is the air density under stand-
ard sea-level conditions. When (App.,)/%(pV)? is plotted
against weight flow pVg as in figure 10, the conclusions drawn
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(a) Without heat transfer.
(b) With heat transfer.

FIGURE 10.—Varlation of pressure-loss function with cooling-air weight flow.

from the plot of the pressure-loss function may be applied
to the function App.,/p,. The dimensionless form has the
advantage of showing compressibility effects more clearly.

The plot of the pressure-loss function App./%(eV)? is
shown in figure 10 for runs with and without heat transfer.
These curves show disagreement for different altitudes and
for a variation in heat transfer. The'rise shown on the high
weight-flow region of each curve indicates an additional
pressure loss caused by compressibility effects at high Mach
numbers. The high Mach numbers occur at lower weight
flows as the density altitude increases. Any correlation
method must make it possible to correct for these pressure
rises and the separation of the curves for different altitudes
and rates of heat transfer.
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Correlation of pressure-loss function (App.)/%(pV):.—
Some investigators have proposed correlating the pressure loss
by means of the function App.., where p.. is the air density
at the exit of the cylinder. This method was unsuccessfully
tried with the data of the present tests. In most cases whero
this method would be applied, the baffle exit would have no
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F1GURE 11.—Variatfon of pressure-loss function with cooling-air wefght flow,

tailpiece and consequently no pressure recovery at the baffle
exit. The exit density would then be computed from the
static pressure at the baffle exit and the stagnation tempora-
ture at the tailpiece. 'The density thus computed is lower
than any density existing in any part of the test rig used for
the present tests. The pressure-loss function (App..)/%(pV)?
was computed by means of the density p.. and is plotted in
figure 11 for tests with and without heat transfer. Because
per decreases as compared with p,, for increasing pressure
losses, the correlation of the pressure-loss function
(Appe)[(pV)? is better than that of (Appa,)/%(pV). Al-
though the correlation of the runs with heat transfer (fig.
11(b)) is good, the runs without heat transfer (fig. 11(a))
show compressibility effects in that the data for the different
density altitudes form separate curves.



PRESSURE LOSS AND COOLING

Correlation of drag coefficients and exit-recovery coeffl-
cients.—The drag coefficients Cp r,; computed from the test
data by the method previously given are plotted in figure 12
against the weight flow per unit area. The utter lack of
correlation between the results for the tests without heat
transfer (fig. 12(a)) and those with heat transfer (fig. 12(b))
or between results at different altitudes is evident. The
same result is to be observed in figure 13 in which the exit-
recovery coefficient a;—C; has been plotted against the
cooling-air weight flow.

In order to find the source of error in these results, the
assumptions involved in this method were examined. With
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FIGURE 12.—Variation of bafile-channcl drag coefficlent with cooling-air weight flow. Drag
coefliciont calculated from test data.

regard to the sssumption that the total pressure remains
unchanged between stations 1 and 2, the data indicated that
the pressure drop is so small as to be negligible; at high flows
the pressure drop amounts to about 1 percent of the total-
pressure loss.

The mass flow was calculated from the total and static
pressures at stations 2 and 3’ to test the validity of the
assumption that the flow is uniform across each section (one-
dimensional flow). The calculation was made from the

" factor (pV)*/pwp, which was obtained from the pressure
ratio p/p, and figure 2. The ratios of the weight flows to
the weight flows calculated from measurements at the
orifice are plotted for stations 2 and 3’ in figures 14 and 15,
respectively, against the weight flows obtained from the
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orifice measurements. At station 2, figure 14 shows that
the ratio is near enough unity for application of the assump-
tion of uniform flow. At station 3’, however, figure 15
indicates that the measurements are not accurate at low
flows. In the calculation of any coefficient based on measure-
ments at one point at station 3/, correlation will probably
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F1Gcure 14.—Ratio of mass flow measured at station 2 to mass flow at station 2 obtained from
orifico measurements. Tests made without heat transfer,

not be obtained. It is partly for this reason that Cp
a splotted in figure 12, shows such lack of correlation.

In order to eliminate the use of these inaccurate measure-
ments, Cp,; was recalculated by the use of an assumed
exit loss instead of the measured loss. The value of a4
comp(iisates to some extent for the fact that 8;,5€90°. If

ag+2Esin03 is assumed constant or various values of

6, then for §;=90° separation from the cylinder rear can be
expected and no pressure recovery due to pressure gradients
along the wall will result. In that case a;=0.
Then,

As gl

or

a=2% (1—sin6,) - (25)

If it is further assumed that ;=0 andz'pa=p4 and if
§3=0q:(A4/4;)? is substituted in equation (17), then

&'g—:ﬂe—z (A As—1)
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This equation applies with an incompressible fluid flowing
through the sudden expansion of a straight duct.

The method of calculating Cp, ,, ; when this loss is used has
been previously given. The results are plotted in figure 16.
Much better correlation results than was btained in figure
12, especially at low flows. The data for each altitude form
a smooth curve. The curves separate, however, as soon as
the Mach number, which increases with altitude for a fixed
Reynolds number, becomes appreciable, indicating that the
effect of compressibility has been overestimated by teking
too high a loss at the exit; that is, a5 is too low.

In order to determine how much these irregularities in
Cp.s.1 and ay— C; affect the over-all total-pressure drop, the
values of Cp ,,; and a;—C; determined from the tests were
used to calculate the loss in total pressure to be expected
with an incompressible fluid by assuming that the density
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F1GURE 15.—Ratio of mass flow measured at station 3’ t‘o mass flow at statlon 3’ obtalned from
arifice measurements, Tests made without heat transfer,

remains unchanged in all equations for pressure loss. If all
losses are added and if p=constant=p,,

A A . Az\?

C,. = fl(;%—,= 14+Cp.;. i+ Ci—az—2 z‘-s sinf;-+ (Zj (26)
The over-all pressure-loss coefficient (', ;is plotted against
the weight flow per unit area in figcure 17, which shows that

the extreme scatter of the data points in figures 12 and 13
has been sufficiently reduced to allow fairing of curves



PRESSURE LOSS AND COOLING OF A BAFFLED CYLINDER BARREL

HEE

LU

Density
altitude, rt TT1
o 4000
2.0 + /5,000
o 53505
1.5 Q\
N
0 o
.8 =
AN AE
6 ]
o
RN ENAN N
4 o A\ Y .
b %

M/

\+
(@ \ \
)

o

.80 43

50 s
40 AN

.30 i

J5
A0 -
08 A
Densit

06 altitude, };"f

o o000

5 25000

n 3
04 o 32000

D
Kb

02 4 6 30 40

8 _ /o 5 20
PYg. /b/ (sec)(59 11)
(a) Without heat transfor.

(b) With heat transfer,

FIGURE 106,—Eflect of cooling-alr welght fow on friction-drag coefficient calculated by use
of assumed exit loss.

843110—50——14

197

through the data points. The effect of compressibility may
be seen from the fact that the curves show systematic
differences for the different altitudes although the ends of
the curves do not have the sharp curvature that is evident
in the plots of (Appa,)/%(pV)?. These differences are much
smaller than the entire compressibility effect, as may be
seen by comparison with figure 10, which is already some-
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F1GURE 17.—Effect of cooling-alr welght flow on pressure-loss coefficlent calculated from test
data by analytical method.

4 &

what corrected for compressibility effects. This result
would seem to indicate that, for correction of the compressi-
bility effect, the division of the pressure loss between the
bafle channel and the baffle exit is unimportant because
the pressure p; was no doubt in error. In order to investigate
this hypothesis, the over-all pressure-loss coefficient C..
was computed from the estimated value for a;— C; (equation
(25)) and the corresponding values for Cp: (fig. 16).
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The results of these calculations are plotted in ﬁgure 18,
which shows that the value for p, cannot be estlmated in an
arbitrary fashion.

If the values of Cp, ;. ; and a;—C; from equations (5) and
(17) are inserted in equation (26) in order to determine how
the pressure-loss coefficient C, , depends on the data, there

is obtained
o= 1+(P3+P2 [Pz—Pa 2(£_l>:|+

rte (2)(-5)-(2)

If the density ratios are estimated from the energy equa-
tions for very low Mach numbers (A/=0), then

Cy, =1+( B2 >\
1 gz <1+T>

o@D @

The value of 7" (equation (8)) is always less than 0.10 and
the date indicate that the term involving p; is never greater
than 0.01. At low Mach numbers, therefore, large varia-
tions in estimates of p; from its true value will not affect
Cy.i.. For high Mach numbers, however, equation (27)
indicates that p; will definitely affect the result for C, ..
Figure 15 shows that the measurements of p; are inaccurate
atlow Mach numbers but much better at high Machnumbers;
therefore, at high Mach numbers when the data for p; are
used, fair correlation of C,; may be expected. At low
Mach numbers, the inaccurate values for p; do not affect the
result; correlation may consequently also be expected in this
range. With inaccurate values for Cp ; and a;—C; at low
Mach numbers, correlation for (€, ,; may be expected;
whereas, in the high range, correlation may be expected only
when accurate values for Cp, ,.; and a;— C; are obtained.
Figure 12(a) shows that no correlation of Cp . ; occurs at
low Mach numbers and fair correlation occurs at high Mach
numbers. No accurate correlation in any range is obtained
for tests with heat transfer (fig. 12(b)) but, if scatter is taken
about a mean curve for the high Mach numbers, the varia-
tions are small compared with the value of O, ; and therefore
do not show up so prominently. The same general features
of the Cp, ,.:plots (fig. 12) may be observed in the a;— C; plots
(fig. 13) and the same comments apply. From the Cp ,,
data (fig. 16) it may be presumed that the estimate of a; was
incorrect and resulted in the calculation of faulty values for

@7

Di—Ps| _
¢ | a+1) (1+
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ps. Comparison of C,,; of figure 17 with that of figure 18
indicates that, in the range of low Mach numbers for all
altitudes, the C, ; curves are the same with the measured and
the calculated values of ps;, which confirms the deduction
theat, for low values of Mach number, C, , is independent of
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FIGURE 18.—Effect of cooling-air welight flow on pressure-loss cooflicient calculated by use
of assumed oxit loss.

Ps. In fact, the lowest-altitude curve is approximately the
same for both methods of computing C, ; except at the very
highest Mach numbers. The lack of correlation of the data
of figure 18 at high Mach numbers confirms the deduction
that the estimated values of p; are incorrect and influence
the values for (), ; and that the measured values for high
Mach numbers used in calculating C,,, (fig. 17) are accurate.
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The fact that the pressure measurements in the rear of the
cylinder were very inaccurate at the low cooling-air weight
flows indicates a lack of uniformity in the flow, which con-
tradicts the hypothesis upon which the flow analysis was
built, A second inaccuracy-is seen in the hypothesis by
which Cp,,,; is calculated from Cp,,. The method of calcula-

tions is based on the assumption that g=¥pV?=¥% [(pV)fJ

increases hnearly along the channel; %(¢;+¢.), therefore,
represents a good mean value for ¢g. This assumption is
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F1auRE 18,—Eflect of Reynolds number on pressure-loss coefficient computed by empirical
method.

approximately true for low Mach numbers but not for high-

Mach numbers where & much more rapid rate of increase is
to be expected. Because %(g:+gs) is higher than the mean
effective value of ¢ in the channel, Cp, ;,; must be lower than
the coefficient that may be expected with a truly incompres-
sible fluid. The nonuniformity of flow in the rear (station 3)
will also modify the momentum equations for the baffle
channel and the baffle exit. For these reasons values of
Cp, .1 and as— (s obtained by the assumption of uniform flow
and by means of equations (5) and (17) will probably not
check estimates from measurements of the velocity and
pressure distribution along the channel and baffle walls.
Further experiments are required to determine conclusively
the effectiveness of this method.

Correlation of the coefficient C, ; calculated by empirical
method,—A plot of the pressure-loss coefficient C,,; against
the Reynolds number is shown in figure 19. Although the
correlation shown in this plot is satisfactory, some features
show that improvement is still desirable. The points for

the lowest density altitude without heat transfer are, in
general, lower than the average of the points. The tendency

" for this plot to fall off at high Reynolds numbers indicates

that the correction for compressibility effects is probably too
large. This result might possibly be due to the fact that
the correction factor applied is too large for the pressure
losses occurring before station 3. This effect does not occur
in the data for other density altitudes, possibly because the
data for the lowest densities may be inaccurate in the high-
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F1GURE 20.—Variation of correeted pressura loss with cooling-air woight flow.

flow region as a result of the unsteadiness of the driving
engines.

In order to determine the magnitude of these deviations
on the actual pressures, the corrected pressure drops were
plotted in figure 20 in the customary manner. The dis-
crepancies noted in figure 19 show little effect on the pressure-
loss plot. The shape of the plots of figure 19 indicates that
a linear curve of pressure-loss data is not to be expected.
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GENERAL DISCUSSION

Comparison of the correlation methods.—For any set of
pressure-loss data, the separation of the curves for different
density altitudes is an effect of compressibility that has not
been corrected. The effect of compressibility is accentuated
at the highest weight flow for each density-altitude curve.
The effectiveness of each method of pressure-drop correlation
is characterized by the magnitude of the spread of the curves
at the four weight flows that are the maximums for the dif-
ferent altitude curves. At the end points of the curves for
4000-, 14,000-, 24,000-, and 32,000-feet density altitudes,
there are, respectively, two, four, six, and eight points on
all the curves for comparison. The average deviation from
the mean of all the curves at these points is given in the
following tables in percentage of the mean value of the para-
meter at that point:

Mean deviation, percent
‘Weight flow
(b/(se0) Method
(sq 1t))
Appuf/35(e V) | Apperf4(pV')? | Anmalytical
14.4 13 7.8
2.8 13 3.9 4.7
20.0 11 5.0
40.0 13 4.9 2.1
Mean devia-]
Roynolds | tion, empir-
number, R | lcal method
nt)
0.14X10% 4.8
.a 2.4
.30 21
.40 L5

These tables show that the use of the variable (App.,)/%(pV)?
is least effective, that the use of the variable (App..)/%(pV)3
and the analytical method is better and about equally
effective, and that the empirical method using the Prandtl-
Glauert factor is most effective and of satisfactory accuracy.

The involved procedure needed for use of the analytical
method is & definite drawback. Furthermore, certain infor-
mation is needed for pressure-loss predictions that is not
necessary when the empirical method is used; the relative
amount of heat picked up by the air in front of the baffle
entrance must be obtained and pressures at the baffle~channel
expansion point are required in order to evaluate separately
the coefficients Cp,,,; and a;—C; in the pressure-loss predic-
tions. The testing technique for determining reliable values
of p; is yet to be developed. Computations made for a
modern engine at an altitude of 40,000 feet show that very
high Mach numbers occur and that separate values of Cp .,
and a,— C; are needed. The method is somewhat simplified,
however, when no baffle tailpiece is used, which eliminates
pressure recovery at the baffle exit. In that case p;=p,, and
pressure measurements are therefore unnecessary in the
baffle exit.
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The same drawback applies to the use of the pressure-loss
function (App.:)/%(pV)?; that is, a measurement of the
pressure in the baflle exit is required to determine p,. unless
a baffle is used that gives complete loss of the kinetic enorgy
at the baffle exit. This method of correcting the pressure
loss for compressibility effects has a rational basis. If the
entire loss is assumed to occur at the baffle exit, if no pressure
recovery exists in the baffle tailpiece, and if the air temper-
ature in the baffle exit is assumed equal to that behind the
cylinder, (App..)/%(pV)? should very nearly account for all
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Lry < 1—Md,
0

assumed a function of Reynolds number, and by use of }As(:"), , assumed a funetion of
mass flow,

compressibility effecte by equation (17). If not all the loss
in energy occurs at the baffle exit and if some pressure
recovery is present there, this method should give good
results if most of the pressure loss occurs at the baflle exit
and if the rest varies in much the same manner as the
baffle-exit loss.

The empirical method of computation of the pressure
loss has the advantage of being quite simple. There is
doubt as to the types of flow apparatus to which the empirical
method can be applied because no rational basis for it
exists at present. Test data from engines, engine cylinders,
and radiators are required before an estimate of the reliability
of this method can be made. -The same confirmation of
the reliability of the analytical method is needed, however,
because there is some doubt that it correctly represented
the actual flow conditions in even this comparatively simple
type of flow path.

In order to illustrate the application of the empirical
method, an example is computed and plotted in figure 21.
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For comparison, the pressure loss is also computed by means
of the function (App.,)/%(pV)?®. The barrel temperature is
assumed constant at 350° F; the rate of heat transfer is
assumed constant and such as to require an air weight flow
at sen level of 18.5 pounds per second per square foot of
free-flow area of the barrel-baffle channel. The atmospheric
pressures and temperatures are modified for isentropic
compression corresponding to a flight speed of 200 miles per
hour, The subsequent steps are:

1. Compute cooling-temperature differential 7,— T} ,.

2. Compute the heat-transfer coefficient U (equation
(24)).

3. Determine pVy (fig. 9) ; compute the exit temperature.

4, Compute the Reynolds number, and determine C, ,
(fig. 19).

5. Compute the abscissa of figure 2 and read the compres-
sibility-correction factor (po/po,r) v1— M2

6. Compute the pressure loss from the data of steps 3, 4,
and 5.
When the pressure loss is computed by means of the
function (Appa,)/¥%(pV)? the first three steps are the same
a8 those previously given. The weight flow is used to
determine (App,,)/%(pV)* by means of the plot of lowest
density altitude (fig. 10 (b)). An estimate of Ap is made for
determining p,,; the resulting value of Ap is used to refine
the values for p,, and Ap. For less extreme cooling condi-
tions, the difference between the two methods is not so great.

Effeot of viscosity.—TFor the general correlation of pressure-
loss and heat-transfer data, dimensionless parameters should
be used. The variable A, for example, should be plotted in

terms of the Stanton number GP—I:T—; against the Reynolds

number, In turbulent flow the Stanton number varies
approximately as the viscosity to the 1/5 power. For prac-
tical application of heat-transfer data to altitude-cooling
predictions, therefore, the small variation in the viscosity
caused by the variations in temperature of the cooling-air
surface film will affect the heat transfer only slightly. Good
correlation of heat-transfer data of a given engine or cyl-
inder can be expected, therefore, if the weight flow is used
as the correlation variable. The same reasoning can be
applied to pressure-loss data.- Because the present pressure-
loss data were obtained with and without heat transfer,
considerable difference should be expected in the film
viscosity. Consequently, the Reynolds number was used
to correlate the pressure-loss data; the viscosity of- the
surface film gave better correlation than the cooling-air
viscosity in the computation of the Reynolds number. The
pressure-loss coefficients were plotted against the weight
flow because use of the Reynolds number effected no increase
in correlation or significant change in the plot.

Velocity distribution.—Some improvement might be made
in the analysis of flow in radiators, for which the assumption
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of uniform flow at the radiator-tube exit is satisfactory, if
allowance were made in the momentum equation for the
nonuniformity of flow to be expected with a turbulent veloc-
ity distribution in the tube. The computed kinetic-energy
loss at the exit would thus be increased.

SUMMARY OF RESULTS

Based on an analysis of pressure-drop requirements and
on experiments to determine the effect of air compressibility
on cooling and pressure loss of a baffled cylinder barrel, the
following results were obtained:

1. The pressure loss from the front of the cylinder to the
baffle entrance was very small, as might be expected for any
bafiled engine cylinder.

2. The method of analyzing the flow processes around a
baffled cylinder based on the assumption of uniform flow
corrected for most of the effect of compressibility.

3. The assumption of uniform flow used in the analytical
method of predicting pressure losses was not verified by
computations from pressure measurements between the fins
at low flows.

4. Prediction of the pressure losses across a cylinder at
high Mach numbers using the analytical method based on
uniform flow requires knowledge of the exact values of the
friction coefficient between the fins and the coefficient at the
exit of the cylinder. At low Mach numbers the division of
the pressure coefficients has little effect on predicted pressure
loss.

5. The use of a fictitious exit density p,. in correcting
pressure-loss data gives as accurate correlation as the analyt-
ical method based on the assumption of uniform flow.

6. An empirical method .has been found which gives satis-
factory correlation (mean deviation of pressure-function
curves of about 3 percent) of the test data on pressure loss of
the present cylinder and which permits estimates to be made
of compressibility and heating effects more simply than either
the analytical method or the method using the baffle-exit
density in baffle-flow systems with a tailpiece.

CONCLUSION

If engine-cooling equations are based on the cooling-air
weight flow instead of on the pressure loss, good correlation
of data and prediction of performance may be expected
because test data and theoretical estimates showed no appre-
ciable effect of air compressibility on heat-transfer coeffi-
cients in the ordinary range of engine operating conditions.

ArRcraFT ENGINE RESEARCH LABORATORY,
NaTIONAL ADVIsORY COMMITTEE FOR AERONAUTICS,
Cravenanp, Onro, July 1, 1944.



APPENDIX A
ESTIMATION OF AIR-TEMPERATURE DISTRIBUTION AROUND A BAFFLED CYLINDER BARREL

In order to determine the pressure loss over the cylinder,
it is necessary to know the rate of heat transfer to the cooling
air between stations 1 and 2 H; and the rate of heat transfer
to the cooling air in the baffled section H,. The following
analysis presents one method of estimating H; and H,.

For an element of heat-transmitting surface diS, the amount
of heat transferred per unit time iz

dH=h,(T,—T)dS (A1)

where

H rate of heat transfer from front of cylinder to point being
considered, Btu/sec

h: local surface heat-transfer coefficient, Btu/(sec) (°F) (sq ft)

T; cooling-surface temperature average at any local flow
section, °F absolute

T, local stagnation-air temperature, °F absolute

The viscous shearing stress slows down the air in the
immediate vicinity of the wall and increases the temperature
there until 7', the temperature upon which the heat transfer
depends, is more properly the stagnation temperature than
the static temperature (reference 11). If W is the local
weight flow between the fins (Ib/sec), the energy equation is

H=c, Wi (T:—T1.,) (A2)

In the unbaffled section of the cylinder, Wy increases from
a value of zero at the front stagnation point to the value W
at the baffle entry. The term T, is eliminated from equa-
tions (A2) and (A1) and the quantities

_hSr
ok

and
t=T,— T ,=cooling-temperature differential, °F
are used to obtain

dH=C (e, Wrt— H)d(S/Sr)
where
St entire surface for heat transfer, sq ft
S surface for heat transfer from front of cylinder to point

considered, sq ft
The solution of this differential equation is

H=exp I:— J;SISTOd (S/ST):I{ Constant--
Si8r S[8r
[% oyt exo] [*cacsysn |asisn} @3
Because S/Sy=0 and H=0 at the front of the cylinder, the

constant of integration is zero. At the baffle entrance,
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S/Sr i8 equal to «, the ratio of the unbafiled cooling surface
of the cylinder to the total cooling surface, and H=H,, the
rate of heat exchange in the unbaffled portion of the cylinder.
At the baffle exit, SYSr=1, and H=H,+ H,, the rate of hoat
exchange over the entire cylinder. When these boundary
conditions are inserted in equation (A3),

Hy=exp l:— ﬁ “Gd(S/S,)]
fo aC’chLt exp[LSISTCd(S/ST)] d(S/Sy)  (Ad)
At Hi=exp | — [ Ca(s/sy |

|, cesmrexs| [ catsisn |y @s)

The rest of this appendix derives expressions for H, and
H,+H,;, which are more convenient than equations (A4) and
(A5) for computation from the test data. The quantity C
varies little over the eylinder except at the very front, Theo

tactoreh O 11 d the integral of OWiteh 9 4(518m)
are only slightly affected by this variation. Consequently,
the quantity Cis considered a constant in all the integrations.
The values found for H,; and H,+H; from the energy
equations
Hi=We,(13,,—T).)
and
H+H;=Weo(Ty,—Th.)

are substituted in equations (A4) and (A5) to obtain

T.,.—T..= C’e'c"fa %—77{' 18ISt d (S/Sy) (A6)
0
ToomTeam e[| [ G et sy +
0
f %ZL teC(sISt) g (S/ST):I (A7)
Tu—Tou=e 0Ty, —T)+
Ceo-¢ f ! % 160818 4(S/S) (A8)

If an estimate is made of the weight-flow variation Wp/W
and measurements of ¢ are obtained, C can be determined from
the over-all temperature rise 7,,,— T}, and equation (A7)
and its value used in equation (A6) to find T%,,— T},
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In order to estimate the weight-flow variation in the un-
baffled portion of the cylinder, the flow in the front is com-
puted by means of the equation for potential flow over a
circular cylinder. The velocity over such a cylinder is

V=2V, sin = (S/Sr)

where V, is the velocity of the undisturbed flow, which
reaches a maximum at S/Sr=1/2. In the case of the baffled
cylinder the maximum value is at S/Sr=«. The velocity
function is therefore modified to take this factor into account

V=2V, sin (xS/2aSr)

The constriction at the baffle entrance (S/Sy=c) of the
flow area to 1/n its value for an unbaffled cylinder increases
the maximum velocity by the factor n, but the velocity in
front of the cylinder is unchanged. The velocity distribution
must therefore be multiplied by an even function of S/Sr,
which increases from a value of 1 at S/Sy=0 to a value of n at

S/Sr=a. The assumed function is nl:l _n__;l cos (mS/2aST):|

which gives an approximate weight-flow variation of

Tp=sin (SpaS ~ " Lein T (S/S)  (A9)

From the baffle dimensions, n=5. For the unbaffled portion
of the cylinder, a linear cooling-surface temperature dis-
tribution is assumed

Yt=nfu—(2) o

where ¢, is the value of ¢ at S/Sz=0, and ¢, is the value of

(A10)

t at S/Sp=ca. Equations (A9) and (A10) are substituted in
equation (A6) to obtain

(T~ )l=hO+HEZE)m0)  @aw
where
f(0) = >(o.2 )2l O

o +(2a 2n 0”-]—( ) Z (14ec)

cour[ G 1(02+<2 ] } [0+<)]
pozsen[oge-(o+(P)}

An approximation must now be found for the integral
involved in equation (A8). In the baffled section, W,/ W=1
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and ¢ varies very little; an extreme case shows 9-percent aver-
age deviation from the mean. The unbaffled cylinder rear
shows a much larger deviation but the decrease in the effec-
tive cooling-air velocity reduces the variation of the function
(Wi/W)t. The value of W./W is therefore taken to be unity
and an average value used for ¢ so that )
LW, 1

| Brtecmsrasisn=F ey (a12)
where i; is the average cooling-surface temperature of the
cylinder from the baffle entrance to the rear minus the inlet-

air temperature. This result is substituted in equation (A8)
to obtain

(Ta. ,—Tl, z)=(Tu—T1.z)—

[ts_ (T4.t"'T1.t)][ec(l—a) - 1]

t=}(L+t)

equation (A11) can be plotted in the form (T ,— T}, )/, as a
function of (e°“~«'—1) and ({,—%)/t,. This plot is shown

(A13)
If
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FIGURE 22—Determination of I"'Z—’r'f-‘ a« -g-

in figure 22. Equation (A13), however, gives a solution for
the variable (73,,— T%.,)/t. as a linear function of eC0-«—1]
with a y intercept of (Ty.,—Ti.)ff, and a slope of
[ts—(T%,.—T1.)]/t.. From data on the temperature of the
cylinder, the straight line (equation (A13)) can be located on
figure 22 and the intersection point can be obtained with the
curve of equation (A11) for the proper value of (f;—,)/t;
thus, (T%.,—T4.,)/t, can be determined.



. APPENDIX B

SYMBOLS
a5 = f (P—ga)dsz S projected area of cylinder-wall surface and curved
Ups VA, part of baffle surface back of station 3 on plane
A cross-sectional area at a station indicated by a sub- - 7 of 1‘,4*’ sq ft
seript (except withesubscript b), sq ft — %’(7 _I_‘t")
A . 3 e = 2 1 .
‘ area of cylinder wall at base of fins, sq ft 13 average value of ¢ between stations 2 and 4, ° F

Cp specific heat of air at constant pressure, Btu/(1b) (°F)

 (hSp)
¢ =W

Gy coefficient for friction drag in baffle exit

Cp.s coefficient for skin-friction drag from station 2 to
station 3 based on dynamic pressure at station 2
Cpy.. coefficient for drag from station 2 to station 3 based

on dynamic pressure averaged in baffle channel
C,..  pressure-loss coefficient with an incompressible fluid

C,.»r pressure-loss coefficient with a compressible fluid

g acceleration of gravity, ft/sec?

h, local surface heat-transfer coefficient, Btu/(sec) (°F)
(sq ft) ’

h average surface heat-transfer coefficient, based on

inlet-air temperature, Btu/(sec) (°F)(sq ft)

H rate of heat transfer from cylinder area between front
and any point considered, Btu/sec

H, rate of heat transfer to air from front of cylinder to
baffle entrance, Btu/sec

H, rate of heat transfer from baffle entrance to ba.ﬂie~

exit (station 2 to station 4), Btu/sec
M Mach number at a station indicated by subscript
(except M,, M)

M, — / - p—1 —
Vo[ % atm+ -0 [+ 5 a0

M,
Moo=

P static or stagnation (indicated by subscript t) pres-
sure at any point in fluid indicated by a subscript,
Ib/sq 1t
D static pressure at any point in fluid with incompres-
sible flow, 1b/sq ft
q dynamic pressure at any point in fluid indicated by
subscript, Ib/sq ft
Reynolds number
surface for heat transfer from front of cylinder to
point considered, sq ft
Sr total heat-transfer surface of cylinder, sq ft
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R~

T true air-stream or stagnation (indicated by subseriptt)
temperature at any point in fluid indicated by
subscript (except T, 1, and T%.,), °F absolute

Ts average temperature of cylinder wall at base of fins,
° F absolute

T cooling-surface temperature averaged at any local
flow section, ° F absolute

T,;s» average temperature of cooling surface of cylinder,
°F absolute
T, = Hg/cﬂ WT 2

U wall heat-transfer coefficient of cylinder, Btu/(sec)
(sq 1t) (° F)

1% velocity of air at any station indicated by subseript,
ft/sec

W weight of air flowing through baffle, Ib/sec

W local air weight flow between fins, 1b/sec

« ratio of unbaffled cooling surface of cylinder to total

cooling surface

¥ ratio of specific heats for air (1.3947)

6; angle between radii of cylinder to cylinder rear and
to station 3, deg (See fig. 1.)

i absolute viscosity, slugs/(sec) (ft)

0 local true or stagnation (indicated by subscript ¢)

density at any point indicated by subscript (excopt
Ps, Pas, 80d p.), slugs/cu ft
Ps standard density of air at 29.92 in. Hg and 60° I,

slugs/cu ft
Pas average of densities at stations 1 and 4, slugs/cu {t
Per fictitious exit density
P’ = pfps

Ap total-pressure drop from front to rear of cylinder,
1b/sq ft or in. water, (p1,,—4,:)
Ap;  lossin total pressure from front to rear of cylinder
with an incompressible fluid, 1b/sq ft or in. water
loss in total pressure from front to rear of cylinder
with an incompressible fluid under standard den-
sity conditions, Ib/sq ft or in. water

Subscripts applicable to 4, », T, V, p, M, and ¢:

1, 2, 3, 3/, 4 stations indicated in figure 1

Apy,

t stagnation condition of gas (absence of subseript ¢
indicates true-stream condition)
0 condition characteristic of entire flow
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TABLE I.—SUMMARY OF DATA FOR TESTS WITHOUT HEAT TRANSFER
[The symbols used are defined in appendix B]

Cp.i Cypq
P V; 1, Yt [y s APpes - L4 Reynolds| Ape.

Density altitudo (t) | (h, 5| o h| Qb/leee) | 2P| an. e | (n. He | (n. He | in. He | (o Fe | ;g 2os 2Pt - | o € (emplrt- | omnber | ~(in:
abs.) | “(eq 1t) abs) | abs) | abs.) | abs) | abs) |¥(V)?|3G6V) X 10~ 10)

method) | method)

4,000 cecreeeeacan 210| 5128 | 282 | o8 | 2811| 2804 208| 2807 27.95| Lete | res3 sss2 | c.ozm2 | 1716 | 16888 | o.0185 | 0.97
28.12 528 4.030 07 28.12 | 2805 | 28.21 2.21 28.11 1.353 1.353 —. 7491 | —. 2179 | 1.4334 1.3422 0482 .86
28.19 543.5 4.4H .09 28.20 | 28.11 2816 | 28.16 | 2804 1.383 1.381 —.1232 .4762 | 1.5016 1.3889 0537 1.10
25| 545 | b464 ‘o0 | 2828 ) 2815 2825 ;22| ogui| o34 | e | —2614 | — 1170 | 1.0486 9381 | .o0851 | 109
28.34 544.5 6.477 .14 28.31 2818 | 28.30| 2822 28.12| 1.040 1.038 L2003 . 1.0624 1.0238 0772 L70
%20 | 5455 | 7.62 715 | 2819 2801 | 2817 | 28.08| 27e6| .89 | .88 sse | llora | ismr | s 0594 | L8l
28.11 545.5 0.230 .22 2811 | 27.81 28.00 | 27.87 | 27.77 796 701 . 2462 L1134 L7604 . 7856 1097 262
2214 | 5165 | 11,487 2 | 13| 2773 | 08| .76 | 27et| e | 638 32| - 6360 | -esds | 1362 | S.43
28.20 546. 5 18.380 .42 23.25| 27.65| 2810 | 27.64 | 27.52 720 .709 . 3375 L1480 | ..7138 . 7048 L1584 4.9
28,24 515.6 16.701 .58 28.23 | 27.45| 28.08 | 27.40| 27.33 .718 . 698 . 4496 . 2107 . 6033 . 6800 .1876 6.74
28.16 540.7 18.217 .79 2816 | 27.16 | 27.07 | 27.08| 28.97 . 730 .710 . 4546 .1701 . 6177 . 6990 2190 9.11
28,16 5418 19. 810 .01 28.16 | 2.85| 27.90 26.82) 28.72 . 708 . 682 . 4925 . 1890 . 6887 6748 2317 10.37
2814] 528 | 22173 | 112 | =13| 2668 27.82| 26.40 | 2828 | 685 | .67 m | l1ses | 5550 12628 | 1236
B3 543.5 24.673 1.38 28.21 26. 41 27.81 20.15 | 268.05 .670 .643 . 5357 .1828 5483 6263 . 2034 14.90
m.22 549.2 26.772 1.73 28,21 25.80 | 27.60| 25.54| 25.47 .718 . 662 . 5139 . 2001 . 5884 6510 .3176 18.19
2823 547.9 20. 738 222 28.20 25.35| 27.621 24.89| 24.80 737 . 667 . 5112 1774 . 5684 .3530 | .29
28.18 548.2 33.376 299 28.14 24.36 | 27.34 23.61 23.90 .769 . 670 L8177 1712 . 5567 6425 8049 | 27.92
2800 547.0 | 3874 w61 | 2808| 228| 2702| 2000 2L00| 830 | 681 a9 | (1600 | 5T | leizs | 466 | 38008
28,11 5610 40.60 5.14 28.04 | 2171 20.97 | 20.09| 20.05 834 .847 . 5040 . 1460 5442 . 5561 .4730 | 856.89
28.16 567.0 30.758 4.97 2810 | 21.80| 26.98 | 20.27 | 20.27 837 . 665 . 4925 .1692 . 5789 . 5834 4587 | 85.00

15,000 e ccccomceeae 20.08 549.0 6. 508 .20 20.081 19.84 | 10.89 | 20.34 19.73 1.029 1.021 .3018 . 45168 1.05620 10270 0771 1.70
19.63 550.0 7.627 .25 19.04 | 19.61 19.65 | 20.14 19. 52 .28 921 —. 0608 | —.0468 . 9162 L8116 2.08
20.03 550.0 0,494 .36 20.08 | 19.56 19.95 | 20.06 19.45 . 865 .853 2120 . 2167 . 8431 1106 298
19.92 55L.0 10. 411 .42 19.90 | 16.34 19.88 | 19.89 19.23 .832 .818 .1769 L1334 . 8687 8128 8
2,12 551.0 11.58 .52 18.92 | 20.00 10.89 | 19.27 .87 .818 8114 . 2238 .8146 . 8101 1342 4.27
20.11 54.0 16.79 .01 20.08| 18.87 | 10.88| 10.33 18.85 787 762 4213 <2053 . 6862 7449 . 1870 7.23
20.16 519.0 10. 46 1.14 20.14 18.20 | 20.73 10. 56 18.88 .637 622 0206 | —. 2511 . 6216 8137 8.468
20.12 59.0 22,22 L6862 |acooee- 17.61 | 20.58 18.74 18.02 .680 . 649 L1479 | —. 1405 . 6138 . 2580 1121
20.04 549.0 23.74 2.26 20.01 17.04 19. 45 17.21 15.91 .811 .716 . 4478 . 1830 . 6383 20 14.87
20,09 | 549.0 | 2831 207 | 20,06 1827 | 20.30 | 1616 | 1636 | .86 | .72 4851 | (1923 | L6204 | CessL 3060 |17.82
20.16 550.0 28.81 4.12 20.16 | 15.40 19.23 | 14.71 13.80 L1 742 4362 L1724 . 6384 6354 21.25
20.02| 5550 | 20.08 L4 | 2001 1492 1806| 1876 | 1276 | .98 | 712 ags7 | (1504 | 5539 8404 363 | 2137
20,16 547.6 10.35 .34 20.14 | 19.57 | 20.06 | 20.04 | 10.39 . 695 . 682 .4314 .1743 . 6451 . 1226 2.8
20.20 517.6 12.34 .59 20.2{ 19.44 | 20.08| 10.88 | 10.28 842 .823 83383 .1769 . 7448 8132 1461 4.8%
2020 | b547.6 | 15.25 84 | 20.17| 1001 | 20002 | 10.42) 1&m | 777 | a7 3034 | (1605 | 6843 7358 1806 | 6.68
20,15 546.6 17.72 116 20.14 | 18.55 19.84 18.88 | 1822 .781 .735 . 4266 . 1963 .6719 722 2100 8.85
20.24 b547.6 10.84 1.40 |ooooeo-- 18.20 19.85 | 18.46 17.80 .761 . 693 4822 . 1888 . 6781 10.39
20. 16 547.6 24.60 2.43 20.14 16. 97 19.47 16.921 16.21 .858 7562 4456 L1851 6517 L7179 2013 16.10

23,000 oo 14.82| 5520 | ‘693 30 | 48| 1444 | 147 | 1545 | 14:35| loss | lem (1848 | (3430 10606 | -8503 0807 | 1.84
15.00 530.6 10. 60 .69 165.02 | 14.20 14.80 16.10 13.99 1.007 074 . 2883 . 2688 . 8827 . 0688 1285 4.21
15.07 542.6 12.41 .86 15.08 13. 84 14.92 | 14.84 13.67 .808 .857 . 2579 . 1416 . 7859 . 8458 1402 508
16.01 545.6 15.35 1.33 14.99 13.30 14.72 14.08 .875 .811 . 3570 . 1689 . 7141 7848 1827 7.20
16.07 516.0 17.76 1.84 15.07 | 12.76 14.70 13.43 12.13 . 800 791 3617 .1383 .6788 7505 2104 0.23
14. 86 549.0 8.07 .41 14.89 14.38 | 14.80 15.30 | 14.27 1.010 .85 0188 .1703 1. 0537 L9736 047 2.50
14.83 549.0 9.18 47 14.82 | 1418 14.73 16.21 14.15 .887 . 884 1877 . 2188 . 9331 8603 1077 2.83
14.91 550.0 10.09 56 14. 91 14.16 14.83 15.18 | 14.01 875 .850 2572 . 2590 . 9040 8304 1180 3.3
.01 | 5.0 | 1168 74 | 1401 1302 14.78| 1489 1370 .83 | &M 1615 | 1624 | -e03l s87 | 1386 | 4.30
14, 550.0 13.88 LO9 14.89 13. 51 14.68 14.42{ 13.16 877 828 . 1894 L7877 . 1621 6.02
14.981 6510 15. 54 L 14.89 13.14 14. 62 14.03 1273 .8687 797 3585 L2094 7531 7658 .1813 7.2
14. 80 543.0 18.08 1.97 14. 60 12.47 14. 44 13.25 1L .892 LT84 3048 1771 . 6845 . . 2157 9.55
14.89 540.0 19.21 227 14.88 | 1206 | 14.37 12.79 11.76 .901 T2 3852 1772 . Go42 L7187 . 253 | 10.33
14.85 547.0 2L 52 3.31 14.84 | 1121 14.17 11.34 9.62 . 988 LT74 4061 . 1621 . 6482 . 6826 . 2531 12.33

33,000, s eeeemmememae 10.77 6562.0 8536 . 10.76 | 10.40 | 10.70 12.02 § 10.31 1.089 1.072 0767 .3262 | L1527 1. 0680 . 0625 1.20
10.73 5620 6.39 I 10.72 | 10.23 | 10.60 1L87 | 10.12 . 961 .31 3279 .3708 . 0451 . 9263 0743 148
10.79 553.0 7.39 .47 10.75 10.14 10.63 1.77 9. 99 . 983 .48 3300 . 3885 L0407 . 9391 2.02
10.76 552.0 14. 46 2.11 10.75 8.35 10.44 9.68 7.25 1.027 . 800 M67 . 1540 . 7961 1683 6. 51
10.70 853.0 13.23 1.71 10.67 8.690| 10.38 | 10.20 7.95 1.017 . 002 2468 . 1081 . 8617 . 8363 1539 5875
10. 68 864.0 1L 20 115 10.67 9,24 10.44 10.88 8.81 . 087 912 2403 . 2231 .8760 8874 . 1300 4,30
10.72 563.0 0.05 76 10.70 9.78 10. 57 1. 44 9.54 1034 980 .3438 . 9463 9619 1051 3.09
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TABLE II.—.SUMMARY OF DATA FOR TESTS WITH HEAT TRANSFER
[The symbeols used are defined in appendix B]

Piyt T, T P2 P Py Y PU | Tpaem Toa| =T
Density altitude (ft) (n.Hg |0t ab/&ie PP 1.t (nBg | (in.Bg | an.fg | Gn Hg | o Hg | Thergdie| Toir T
. abs)  |CF abs)| o'y G H' | ¥ bs) abs.) abs.) 8 abs.) abs.) ¢ F CF
4,000._. 27.80 550.6 12.22 o5 630.6 21.77 27.27 27. 59 27.05 27.02 310, 58 307,00
28.00 5511 14.97 .70 628.6 27.97 27.21 37.76 20. %4 26. 96 302.17
28.04 552.1 18. 16 101 623.1 28.03 26,92 27.74 26. 50 206, 49 283. 80 351,16
28. 02 553.1 2L 52 139 620.6 28.01 26.43 27.64 25.85 25, 90 268. 39 340.09
1 27.99 553.6 26.30 212 613.6 27.63 25.56 27.42 24.65 H.T7 250, 09 321.76
27.94 555.6 29.58 2.75 61L6 27.93 24.85 27.21 23.46 23. 62 238. 69 310. 63
28.15 550.1 36.12 4.69 597.1 28.13 23. 50 27.06 20.85 21.13 202, 00
28 09 547.1 39.62 6.76 503.6 28.02 22.13 20.88 17. 57 18.08 200. 30 8
28.01 553.8 40.83 7.60 504.6 27.98 21. 69 26.79 16.86 16. 456 180. 18 240.21
14,000. . ... 20,47 540.4 8.55 .39 6158 20,48 20,07 20,38 20. 61 10.90 234.96 270,40
20.47 5410 1. 37 .61 606, 2 20. 44 19.78 20, 30 20.28 10. 8 7.7 258. 09
20.47 541.3 14 54 .85 507.4 20.44 19. 39 20.24 19.84 19,00 108.07 239, 00
20.48 521 17.25 122 593.2 20. 44 18. 94 20.12 19. 32 18. 51 185. 02 227.00
20. 42 521 19.68 164 589.1 20, 37 18.38 19. 90 18.63 17.79 172.60 217, 84
20, 46 52.1 22.31 2.18 585.6 20.45 17.82 19.34 17.42 16.91 164. 00 211,17
20.61 5421 28. 87 34 580.9 20.60 16. 63 19. 74 16.12 15.14 1561. 83 197.20
20.53 549.2 20.05 4.61 58L9 eeveamacan- 16.16 19,47 14.18 13.05 142.12 185.88
24,000, _ 14.68 540.8 820 .52 625.6 15.00 14. 52 14.80 14.71 14.24 261,18 288. 00
14.97 5511 1L 49 .89 616.1 14.08 14.09 14. 67 14.06 13. 64 227. 208, 5
15.03 5516 15.41 1.43 608.1 14.99 13. 44 14,67 13.25 12.76 204. 24 240,02
1506 556.1 21. 62 4.10 6021 | 14.35 9.35 8.76 183. 00 227.26
14.87 557.6 10.09 .77 650. 6 14.85 14.13 14. 51 14.15 13.85 308, 47 300. 58
. 14.84 ° 557.6 13.96 1.35 632.6 14.82 13. 49 14. 47 13.34 12.84 203.83 317.38
. 14.84 556.6 15 86 1.80 824.6 14.81 13. 08 14.:3 12.62 12.18 246.77 13
14. 92 550. 6 18.26 241 622.1 14. 89 12. 56 14.30 11.69 11.19 82 287. 00
32,000. .. 11.18 537.6 8.55 .60 603.3 11.19 10. 36 1.01 12,10 10.08 208, 02 240,02
1118 539.3 2.76 .92 604.3 11.16 10.11 10. 85 11,77 9. 67 210.69 248.93
1L 19 539.6 11.37 1.28 600. 8 11.16 9.78 10. 92 11.36 9.17 201. 45 237.40
1L 1 510.4 1222 L 66 508.9 1L 15 9.49 10.88 10.97 8.60 197.11 236.04
1118 521 14.01 222 588.2 1117 8.99 10.81 10.25 7.67 191. 92 23170
1L 24 542.8 14.37 2.5 588.2 1L25 8.3 10.90 .98 .23 180.42 2
u h Cy.¢ Cy.i R 1da
Density altitude (ft) (Bo/@n) | By L ti—ty 4 APpes Appas al o (analyt- | (emplr- | LOYIOES! apy,
(sq in.) Y| P ta W3] ] 7| BTe Dut foal feal | PWMDET | (1n,” Hy0)
F)) F)) eV | HeV) method) | methody | X107
4,000. 0.638 0.0361 385.0 0. 8055 288.6 1.019 0. 931 0.4572 0.2347 0. 6797 Q. 9299 Q. 1120 5,432
. .758 . 1052 350.5 .8372 224.3 .880 . 802 .4585 1612 . 6039 . 7979 1386 ;%
.878 .1248 340.0 . 8529 203. 5 .863 . 780 .4118 1834 .6738 . T741 . 1600 9. 087
1020 J1483 | 3235 824 | 184.8 848 749 ~4100 .1070 .5602 L7361 . 13.331
L172 1728 3025 . 81567 169.7 . 850 735 . 4522 1459 . 5059 L7173 . 2601 16. 405
1271 . 1897 288, 0 L9371 18L4 846 723 . 4632 1530 . 6820 . 6980 L2818 23.808
1402 . 1 258. 5 1.0948 127.8 .48 .47 .4386 . 0904 . 5640 . 6013 . 3644 35, 280
1.610 . 254.5 L0412 128.3 1.077 .783 . 3918 L0724 . 5828 . 68562 . 42,074
1. 505 . 2359 25.5 L 0687 112.2 1.098 .733 . 4399 . 0633 . 5250 . 8340 L4047 41,339
14,000__... .. 571 0753 270.0 . 6444 183.4 1138 1.041 L1187 . 0027 L8702 1. 0368 .0827 2,000
.726 L0075 | 254.0 .7087 | 1862 . 086 .018 . L1844 -8038 L9161 L1111 4,020
.814 127 | 280 L7683 | 144.0 841 .73 L4281 1674 L8315 L7047 L1442 6.322
. 228 8416 | 129.2 .857 .768 454 1500 . 5087 . 7505 1722 8,805
1.018 . 14687 200. 8 . 8270 118.7 .868 764 . 4740 .1933 L6215 . 7538 . 1883 11,417
1 .1 220.2 . 9977 110. 8 .876 L7132 .6453 .8178 . 5747 . T343 .22 14.200
1. 261 . 1883 190.4 . 9863 90.2 .6381 . 739 .4615 L1215 5623 . 6877 2747 10.422
1221 . 1831 180.8 1. 0039 90.1 1.018 . 730 . 4815 . 1039 5246 . 6647 . 2009 21637
24,000, L5156 10880 | 2810 J5026 | 201.4 1.160 1.061 L2844 L2004 0172 | 10888 2,787
. 664 . 0900 262.3 . 6645 176. 1 1.011 .808 .4033 . . 7841 . 8900 L1107 4,600
.812 1126 230.6 . 7474 15L1 ~903 .761 4203 L1632 .6351 L7372 . 1606 6,847
L (40 . 1480 21.1 . 120.5 1.168 .T85 . 3935 L0710 . 5797 . 6980 .2121 12. 041
.62 . 0834 353.0 .6912 241.3 1.100 . 956 . 4886 . 8863 . 7088 . 9621 . 0023 3.830
788 J1086 | 3085 o2 | 1972 i 844 L3866 1716 L6873 . 8308 L1308 0.332
.858 . 1178 29L 0 L8454 18L 5 1.010 837 . 4004 . 1620 . 6647 . 8156 . 1601 8,015
850 . 1364 276.0 . 8085 165.9 . 936 .779 .4217 L1176 . 5881 L7322 . 1730 0. 547
32,000 .558 . 0741 238.0 . 0290 168.3 . 032 .838 .1802 . 7040 . 8302 . 2.374
.618 .0824 242.9 . 6534 162.6 1.008 . 957 2402 L1825 L8445 L9446 . 0060 3.520
. 609 . 0944 24.1 . 6929 15L 4 1.080 5 . 2585 . 1551 . 8008 . 9161 1120 4,032
726 0992 232.6 . 7097 146.0 1.213 1026 . 16814 . . 8058 L9010 L1311 5. 780
.810 1122 27.1 . 7683 140. 1 1.182 . 981 . . 0747 L7546 . .1 0. 825
.830 . 1151 228.0 . 7788 138.4 1.240 1.049 1354 . . . . 1420 7.752




